We present a statistical analysis of the temporal and spectral properties of SASE radiation from an energy-chirped electron beam passing through a long undulator. It is found that the coherence time is independent of the chirp, while the range of spectral coherence is linearly proportional to it. We consider the use of a monochromator to pick out a small temporal slice of the radiation output. For the filtered radiation pulse, we determine the pulse duration, the number of modes and the energy fluctuation. We apply our analysis to schemes proposed to generate short x-ray pulses at the LCLS.
I. INTRODUCTION
Single pass free-electron lasers (FELs) based on self-amplified spontaneous-emission (SASE) are being developed as sources of high-brightness short-wavelength radiation. In particular, an x-ray SASE FEL, the LCLS [1] , is under design at SLAC. Achieving very short (femtosecond) pulse duration is critical to facilitating important areas of scientific research at this facility. Generating short pulses by frequency chirping FEL output has been discussed [2] [3] [4] , and recently such a scheme has been proposed [5, 6] to produce short pulses at the LCLS. The idea is to send an energy-chirped electron beam through the long LCLS undulator to produce frequency chirped output. A monochromator is then used to select a narrow bandwidth. Since the radiated frequency is correlated with the temporal position along the pulse, a short segment of the original radiation is transmitted.
This idea can be applied in two ways: (1) in the single-stage approach, the saturated chirped output from the full undulator is monochromated and the filtered radiation is transmitted to the experiment; (2) in the two-stage approach, the unsaturated chirped radiation from a first section of the undulator is extracted and used as a seed in the second section, where it is amplified to saturation by its interaction with the electron beam.
In a recent LEUTL experiment at Argonne National Laboratory [7] , properties of chirped SASE were studied using the frequency-resolved optical gating (FROG) technique. It was observed that the spikes in the SASE output have a positive frequency chirp even in the absence of an energy chirp in the electron beam. It was also confirmed that an electron energy chirp mapped directly into the frequency chirp of the FEL output, and under proper conditions the two chirps were made to cancel each other within a spike.
In this paper, we use the one-dimensional FEL equations (neglecting dependence on transverse coordinates) to analyze the temporal and spectral properties of unsaturated frequency-chirped SASE generated by an energy-chirped electron beam. We characterize the statistical properties of the radiation, determining the coherence time and the range of spectral coherence. For the filtered radiation at the exit of a monochromator, we determine the pulse duration, the coherence time and the pulse energy fluctuation.
The rms pulse duration t σ after a monochromator with rms bandpass m σ is found to be given by where
is the frequency chirp and ω σ is the rms SASE bandwidth. This result extends that of refs. [5, 6] by including the dependence on the SASE bandwidth ω σ , which limits the minimum duration that can be achieved for a given electron energy chirp. Before saturation ω σ decreases as the electon beam travels along the undulator.
Therefore shorter pulse duration can be obtained further downstream. In Fig. 1 , we show the dependence of the pulse duration on the monochromator bandpass and the electron energy chirp near saturation where the SASE bandwidth is minimum. The results presented in this paper will be important for frequency chirped SASE FELs and for schemes using a monochromator to reduce the output pulse duration. 
II. CHARACTERISTICS OF FREQUENCY CHIRPED SASE
Consider an electron beam passing through an undulator having period In this paper, we shall suppose the electron beam energy to have a linear chirp α specified by [5, 6] In the exponential growth regime before saturation, the SASE electric field has the form ( ) ( ) ( )
where the green's function can be approximated by (see Appendix A),
We are ignoring the small reduction in gain [5, 6] which enters in ( )
is the Pierce parameter and ω σ is the SASE gain bandwidth,
The complex parameter b is defined by
The group velocity is intrinsic SASE frequency chirp as in ref. [7] . The little rectangles represent the wave packets associated with three representative electrons.
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To analyze the statistical properties of the chirped SASE output, we consider the arrival times j t to be random variables and average over the stochastic ensemble [8] [9] [10] .
We find the time correlation function is given by (see Appendix B) 10) and the coherence time [8] [9] [10] ( )
Note that the coherence time is given by the inverse of the SASE gain bandwidth, independent of the electron energy chirp.
The frequency correlation function can be determined in terms of the time correlation function according to The range of spectral coherence is given by
. (2.14)
In the absence of the frequency chirp,
. In this paper, when we consider a chirped electron beam, we assume
The Wigner function [11] is defined by
. (2.15)
It can be thought of as analogous to a phase space density (Fig.4) 
III. PULSE SLICING USING A MONOCHROMATOR
One can use a monochromator to select a short portion of the frequency chirped radiation pulse. In order to investigate the properties of such filtered output, let us assume that the electric field ) , ( z t E F after the monochromator has the form ( ) The fractional shot-to-shot energy fluctuation W W / σ after the monochromator can be expressed in the form [9] ( ) ( ) ( ) 
is the number of modes in the pulse after the monochromator.
The time-correlation function of the filtered radiation can be calculated using Eq. 
The coherence time of the radiation after the monochromator is
(3.14)
IV. SHORT X-RAY PULSES AT THE LCLS
We consider the linac coherent light source (LCLS) [1] The temporal coherence time near the minimum pulse length is [from Eq. (3.14)]
and the spectral coherence range is unchanged by using the monochromator,
The number of modes at the minimum pulse duration is 
V. SUMMARY AND DISCUSSION
We have carried out a statistical analysis of the temporal and spectral properties of SASE from an energy-chirped electron beam passing through a long undulator, characterizing the radiation both before and after a monochromator used to select a short duration slice of the radiation pulse. In our study, we have considered the number of modes M in the radiation using the definition found in Goodman [8] . That is, the number of modes is defined in terms of the pulse energy fluctuation 
We restrict our attention to the case of SASE and take ( ) . 
We are ignoring the small reduction in gain [5, 6] 
APPENDIX B. TIME CORRELATION FUNCTION
Consider the electric field to be determined by Eqs. (2.6) and (2.7), with 
